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Modern dairy production is inevitably associated with impacts to the environment and the challenge for the in-
dustry today is to increase production to meet growing global demand while minimising emissions to the environ-
ment. Negative environmental impacts include gaseous emissions to the atmosphere, of ammonia from livestock 
manure and fertiliser use, of methane from enteric fermentation and manure management, and of nitrous oxide 
from nitrogen applications to soils and from manure management. Emissions to water include nitrate, ammonium, 
phosphorus, sediment, pathogens and organic matter, deriving from nutrient applications to forage crops and/or 
the management of grazing livestock. This paper reviews the sources and impacts of such emissions in the context 
of a forage-based dairy farm and considers a number of potential mitigation strategies, giving some examples using 
the farm-scale model SIMSDAIRY. Most of the mitigation measures discussed are associated with systemic improve-
ments in the efficiency of production in dairy systems. Important examples of mitigations include: improvements 
to dairy herd fertility, that can reduce methane and ammonia emissions by up to 24 and 17%, respectively; diet 
modification such as the use of high sugar grasses for grazing, which are associated with reductions in cattle N ex-
cretion of up to 20% (and therefore lower N losses to the environment) and potentially lower methane emissions, 
or reducing the crude protein content of the dairy cow diet through use of maize silage to reduce N excretion and 
methane emissions; the use of nitrification inhibitors with fertiliser and slurry applications to reduce nitrous oxide 
emissions and nitrate leaching by up to 50%. Much can also be achieved through attention to the quantity, timing 
and method of application of nutrients to forage crops and utilising advances made through genetic improvements. 
Key words: ammonia, diffuse water pollution, farm-scale model, greenhouse gas, mitigation 
Introduction 
The dairy sector, in common with other agricultural sectors, currently faces a great challenge to meet rising global 
food demands, particularly for livestock-derived food products, in a sustainable way (Godfray et al. 2010). There 
are important interactions between food production and other ecosystem services, including climate regulation, 
air and water quality, nutrient cycling, soil erosion, biodiversity and landscape quality, as discussed by Pilgrim et 
al. (2010) for temperate grassland systems, and the sustainable intensification of production relies on a good un-
derstanding of these interactions and our ability to identify potential ‘win-win’ strategies. 
The assessment of such interactions for given management or mitigation scenarios on forage-based dairy farms 
was the primary aim of the development of the farm-scale SIMSDAIRY model (del Prado et al. 2011). SIMSDAIRY inte-
grates all of the major components of a dairy farm into a modelling framework using a system-based approach. It 
consists of modules dealing with overall farm management, herd nutrition and performance, field-scale flows of 
nitrogen (N) and phosphorus (P), livestock manure, economics and sustainability attributes. Specifically, SIMSDAIRY 
quantitatively simulates the effect of interactions between farm management, climate and soil characteristics on 
losses of N, P and carbon (C), including effects on farm profitability and giving a more qualitative indication of ef-
fects on biodiversity, milk quality, soil quality and animal welfare. While developed for UK dairy systems, and not-
ing that outputs can vary depending on the model-scenario farm characteristics (particularly soil and climate), 
this can be used more generically as a useful tool in providing an assessment at the whole farm system level of 
the introduction of single or multiple mitigation methods, showing trade-offs between production and environ-
mental effect, or between different environmental effects and identifying win-win scenarios. It is important that 
environmental effects are expressed per unit of production (e.g. litre of milk), i.e. an emission intensity metric, 
such that strategies leading to sustainable intensification of production can be identified as distinct from those 
which may reduce environmental impact at the expense of production. 
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The aims of this paper are to give an overview of the potential environmental impacts to air and to water of pre-
dominantly forage-based dairy systems, to discuss some of the most promising potential mitigation strategies and 
to assess the impacts of a number of these using the farm-scale model SIMSDAIRY. 
Environmental impacts of dairy farms
Emissions to the atmosphere
The key emissions to the atmosphere of environmental concern from dairy farms are ammonia (NH3) and the 
greenhouse gases methane (CH4) and nitrous oxide (N2O). Other potential emissions of environmental concern 
include non-methane volatile organic compounds, fine particulates and heavy metals (Misselbrook et al. 2011), 
and while these may be of local importance in some instances such as around very intensive feedlots (e.g. Shaw 
et al. 2007), agriculture is generally not considered to be a major source for these species and they are not dis-
cussed further here.
Agriculture is the major source of NH3 emissions to the atmosphere, accounting for >80% of total anthropogenic 
emissions in the UK (Passant et al. 2011), with the dairy sector accounting for approximately one third of total 
agricultural NH3 emissions. In a dairy farm context, NH3 emissions arise predominantly from the urea content of 
urine excreted by dairy cows, the urea being readily hydrolysed to ammonium in the presence of the ubiquitous 
enzyme urease. Emissions will therefore occur from wherever cattle urine is deposited, at grazing, in housing and 
yards, and from manure storage and spreading. In addition, emissions occur from urea- and ammonia-based in-
organic fertilisers applied to land. Ammonia is of concern because of potential damage to sensitive ecosystems 
through acidification and eutrophication, and also because of its role in the formation of secondary particulates 
in the atmosphere (ammonium nitrate and ammonium sulphate) and their negative implications regarding hu-
man health (Erisman et al. 2007).
The NH3 flux from an emitting surface depends on a number of factors, including the NH3 concentration at the 
emitting surface, pH, total exposed surface area (and surface area to volume ratio), temperature and the air flow 
above the emitting surface. Management, in addition to environmental conditions, can therefore have a great 
influence on emissions from livestock housing and manure storage (Sommer et al. 2006), from manure applica-
tion to land (Sommer et al. 2003) and from fertiliser applications (Sommer et al. 2004). Mitigation strategies are 
therefore generally aimed at reducing the overall emitting surface area, reducing the NH3 concentration at the 
emitting surface or reducing air flow at the emitting surface.
 Agriculture is a significant source of anthropogenic CH4 emissions to the atmosphere, accounting for c. 40% of 
emissions in the UK (MacCarthy et al. 2011), with the dairy sector estimated to account for approximately one 
third of total agricultural emissions. Methane is a greenhouse gas, with a global warming potential of 25 times 
that of CO2, over a 100 year lifetime (Forster et al. 2007). The major source of CH4 emissions from the dairy sec-
tor is enteric fermentation in the rumen of cattle, whereby CH4 is a by-product of microbial carbohydrate degra-
dation. Enteric emissions are influenced by the gross energy intake of the animal and the digestibility of that en-
ergy, with the energy intake in turn being dependant on the energy requirements of the animal for maintenance, 
production (milk and/or growth), pregnancy and activity. Mitigation strategies are aimed at directly inhibiting the 
methanogenic bacteria in the rumen, manipulating the microbial breakdown pathways in the rumen, manipulat-
ing the digestibility of the diet or maximising the proportion of energy intake over the lifetime of an animal ulti-
mately being used for milk production. 
Methane emissions also arise from manure management, deriving from the microbial breakdown of excreted 
volatile solids under anaerobic conditions. Key driving factors are temperature, manure composition and degree 
of anaerobicity, which will be influenced by management (Chadwick et al. 2011). Mitigation strategies are aimed 
at reducing storage duration and/or temperature, minimising anaerobic conditions or through capturing and uti-
lising produced CH4.
Agriculture is also a major source of N2O emissions, accounting for c. 80% of emissions in the UK (MacCarthy et al. 
2011), with the dairy sector estimated to account for approximately one fifth of total agricultural emissions. Ni-
trous oxide is a potent greenhouse gas, with a global warming potential of 297 times that of CO2, over a 100 year 
lifetime (Forster et al. 2007). Nitrous oxide emissions arise as products, or partial products, of the microbial pro-
cesses of nitrification (conversion of ammonium to nitrate [NO3
-]) and denitrification (conversion of NO3
- to dinitro-
gen gas [N2], with intermediary products as nitrite [NO2
-], nitric oxide [NO] and N2O). Nitrification is essentially an 
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aerobic process, while denitrification occurs under anaerobic conditions. The key direct sources of N2O emission 
from dairy farming are from N amendments to the soil, either as inorganic fertiliser, manure applications, graz-
ing excretal returns or crop residues, and the management of livestock manure during housing and during stor-
age. Major influencing factors are the availability of N and C, anaerobicity and, to a lesser extent, temperature. A 
proportion of NO3
- leached and N deposited to land is re-emitted as N2O. These indirect losses of N2O are signifi-
cant. Mitigation strategies for direct N2O emissions are aimed at reducing the availability of N, particularly under 
anaerobic conditions (e.g. wet soils), and at impeding the microbial processes through the use of inhibitors. Miti-
gation of indirect losses of N2O, for example via NO3
- leaching, are aimed at optimising N supply for crop demand 
and minimising the risk of excess N in the soil.
Emissions to ground and surface waters
Sources of diffuse water pollution on dairy farms include the farm steading (uncollected seepage from buildings, 
manure stores, yards frequented by dirty equipment and livestock), tracks, and the land itself (via fertiliser and 
manure applications, livestock grazing on the grassland, and nutrient applications to and cultivation of maize or 
cereal land). The principal diffuse water pollutants are NO3
- , ammonium, P, sediment, pathogens and organic mat-
ter (which generates at oxygen demand in the water course) (Chadwick and Chen 2003).
As much as 60% of the NO3
- found in UK watercourses is thought to come from agriculture. It arises from excess 
N input from fertiliser, applied manure and excreta from grazing livestock that is not utilised by the grass or crop. 
Rainfall then leaches the NO3
- through the soil profile to drains and into watercourses.   
Ammonium is a cation and hence can be immobilised in the soil profile. It is also readily nitrified to NO3
-, so is 
generally only found in low concentrations below grasslands. However, it can be lost following rainfall events that 
result in rapid overland flow, or movement of slurry through cracks in the soil to drains. The effect of excess N in 
watercourses is to provide nutrients to algae and other aquatic plant life (eutrophication), resulting in excessive 
growth and potential algal blooms. Nitrite and NH3 are also found in drainage water and are toxic to freshwater fish.
Phosphorus is another nutrient that contributes to eutrophication of watercourses. The relative impact of the N or 
P leached to surface waters depends on their nature; in some ecosystems N is the first limiting nutrient for algae 
growth whereas in other systems P may be limiting. Phosphorus is immobilised on soil surfaces and complexes 
with organic matter and metals such as iron, and is held strongly within the soil profile. Most of the P applied to 
grasslands is found in the top soil layer, so it’s main pathway to watercourses is via detachment of soil particles 
and colloids in storms followed by overland flow (or again via cracks in the soil to drains following a slurry appli-
cation), in contrast to movement of N which can be vertical and horizontal. In general, temperate grassland may 
lose 1−3 kg total P ha-1 year-1 (depending on inputs), but an individual rainfall event following a slurry application 
could result in ‘incidental’ losses as high as this in just one storm (Preedy et al. 2001).
Phosphorus losses are associated with sediment transfers from agricultural land. Sediment is a pollutant per se, 
as it affects the spawning grounds of salmonids. Although arable land is known to be a large source of agricultural 
sediment, grasslands are also a source (Granger et al. 2010), which is exacerbated by grazing livestock under wet 
soil conditions. On dairy farms, land used for forage maize is a potential critical source for sediment (and P) ero-
sion and transfer to watercourses, especially if late harvests coincide with wet soil conditions. 
The organic matter in dairy slurry and dirty water can generate an oxygen demand if it finds its way into a water-
course. This biological oxygen demand (BOD) results in rapid proliferation of micro-organisms in the watercourse 
which respire rapidly, removing oxygen from the water – resulting in asphyxiation of aquatic life. The BOD of a 
typical dairy slurry is ca. 10,000 mg l-1 (Chadwick and Chen 2003), and that of dirty water ranges from 200−1000 
mg l-1 (Cumby et al. 1999). The recommendation for treated effluent entering a watercourse is 20 mg l-1 (HMSO 
1980), so any significant loss of slurry or dirty water into a river will have negative environmental impacts.
Livestock manures applied to agricultural land and faeces deposited during grazing are sources of a range of patho-
genic organisms. For dairy farming, the key pathogens include Cryptosporidium and Campylobacter. Whilst specific 
pathogens are of key interest in terms of human health, it is the indicator species of E. coli and Intestinal Entero-
cocci, known as faecal indicator organisms (FIOs) on which legislation is based (CEC 2006). The risks of FIO losses 
from livestock farms to watercourses has been explored (Chadwick et al. 2008b), and are greater from farms with 
a greater number of livestock, steeply sloping land, and limited slurry storage capacity (Oliver et al. 2009). How-
ever, risks are also affected by farmer attitudes. In some instances, the topography of a farm can act as a ‘safety 
net’, e.g. where flat land reduces the risk of transfers, even if a farmer has limited slurry storage capacity or is un-
aware of the consequences of injudicious management of livestock and their manures.
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Haygarth et al. (2005) introduced the concept of pollutant movement from source to the watercourse, via the 
source-mobilisation-delivery-impact model. This model lends itself to addressing mitigation of diffuse water pol-
lutants at each stage. Thus the source can be reduced, either through e.g. application of less fertiliser nitrogen, 
or by applying it in frequent doses and not all at once – thus reducing the risk of excess nitrogen in the soil at risk 
of loss. Mobilisation is the process by which a pollutant starts its journey towards the watercourse, and can occur 
via detachment or solubilisation. So mitigation methods suitable to reduce mobilisation would include the use of 
a nitrification inhibitor with an ammonium-based fertiliser, the incorporation of slurry into a maize field, rather 
than leaving it on the soil surface, or the injection of slurry into grassland soils to avoid surface run-off, reduce NH3 
emissions and avoid potentially harmful bacteria from coming into contact with the crop. Finally, delivery can be 
reduced by intercepting pollutant rich drainage or overland flow via e.g. a constructed wetland.
Guidance is supplied to farmers to protect watercourses from diffuse water pollution, e.g. the UK Joint Code of 
Practice (Defra 2009). In some countries legislation is in place to reduce the impact of agriculture on water quality, 
e.g. the EU Nitrates Directive (EC 1991) has resulted in individual member states developing action plans to reduce 
the NO3
- concentrations of vulnerable watercourses. The action plans include closed periods for the spreading of 
high available N content manures, e.g. dairy slurry, and set a maximum N loading for a farm, thus introducing a 
stocking rate limit. The EU has also introduced the Water Framework Directive (CEC 2000) to protect the ecologi-
cal status of watercourses. This covers a wider range of pollutants than just NO3
-, and governments are putting 
in place guidance to farmers to help them comply with strict targets on future ecological status of watercourses. 
Through a greater knowledge of the behaviour of different water pollutants, mitigation methods can be devel-
oped that are method-centric and can tackle multiple pollutants, rather than addressing just one individual pol-
lutant (Granger et al. 2010). It is also essential that guidance on choice of mitigation methods takes account of any 
secondary impacts, e.g. pollution swapping. Cuttle et al. (2006) produced a Mitigation Manual for Diffuse Water 
Pollutants. The 44 methods included management of land use, soil, fertilisers, manures, livestock and farm infra-
structure, e.g. provision of bridges to allow livestock to ford streams to reduce sediment and pathogen transfers to 
water. This Mitigation Manual was provided to Catchment Sensitive Farming Officers to provide advice on practical 
methods which could be introduced on farms, and at what cost. It has recently been updated to include mitigation 
methods for greenhouse gas and NH3 emissions. Both guidance documents highlight the relevance of each method 
to different farming systems, expresses the potential effectiveness in reducing the target pollutant(s) and the sec-
ondary impacts on other pollutants, the indicative cost of introducing the method, its practicality and likely uptake.
Potential mitigation methods
Considerable research effort in recent years has been aimed at developing mitigation methods and strategies to 
reduce the environmental impact of agricultural production practices. Specifically for dairy farms, these include 
animal health, diet, crop nutrient management, grazing management and genetic improvement in both livestock 
and crops. These are discussed in more detail below, with some specific scenarios assessed using the SIMSDAIRY 
model. Changing the intensity of production (defined by milk yield per cow) may be considered as a potential 
mitigation strategy; Hagemann et al. (2011) cite level of intensity as the main reason for differences in GHG emis-
sion per kg energy corrected milk across 45 dairy regions in 38 countries. However, this is not considered explic-
itly within this review as it is recognised that a range of dairy production systems and levels of intensity will exist 
for reasons of climate, resource availability and socio-economic considerations. Rather, it is the scope to which 
potential mitigation measures can be implemented, the efficiency of production improved and the environmen-
tal impact per litre of milk production reduced that is important across all of these systems.
Livestock health
Production losses as a consequence of animal ill health and/or poor fertility result in an increase in the environ-
mental emissions per litre of milk produced. In particular, the proportion of replacement animals required in a 
herd (related to the average number of lactations per dairy cow) can have a significant effect on emission inten-
sity. Garnsworthy (2004) showed that significant reductions in CH4 and NH3 emissions could be made through im-
provements to dairy cow fertility, by up to 24% and 17%, respectively. 
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Dietary strategies
Dairy diet manipulation can lead to reductions in enteric CH4 emissions, and in N and P excretion, while having no 
detrimental effect on productivity. Potential dietary manipulations include the use of dietary additives with spe-
cific inhibitory effects on rumen CH4 production, manipulation of the in-house diet composition, particularly with 
respect to protein content and form, and manipulation of the grazed sward composition.
A number of dietary additives have been assessed for their effectiveness in reducing enteric CH4 emissions, either 
by direct inhibition or depopulation of rumen methanogens or through encouraging alternative microbial path-
ways of removing rumen hydrogen (e.g. Martin et al. 2010, Cottle et al. 2011), but in vitro effects are often diffi-
cult to replicate in vivo (van Zijderveld et al. 2011) or are short-lived (Guan et al. 2006). 
Dairy cow dietary P intake is often in excess of requirements (e.g. Powell et al. 2002, O’Rourke et al. 2010) and 
improved matching of requirement in the diet can result in significant reductions in P excretion (Dou et al. 2002) 
without compromising production or fertility (Wu and Satter 2000). The subsequent reduction in environmental 
impact of excreted P was reported by O’Rourke et al. (2010), who observed a 63% reduction in manure total P con-
tent from a 43% reduction in dietary P, and a significant reduction in the P concentration in overland flow follow-
ing manure application for manure from the low dietary P treatment. However, the same authors also concluded 
that the time interval between manure application and the generation of overland flow has a greater impact on 
P losses than does varying the dietary P content.
Manipulating the protein content of the diet, both in terms of the amount and forms of the protein has been 
shown to have significant effects of the amount of N excreted by cattle. Many studies have shown the potential 
that reducing the crude protein (CP) content of the diet can have on N excretion (e.g. Kulling et al. 2001, Broder-
ick 2003) and therefore subsequent losses of N to the environment. Misselbrook et al. (2005b) showed this for 
a lactating dairy cow diet with a CP content of 14% compared with one of 19% (with the same proportion and 
type of forage), but also showed the influence of including condensed tannins in the diet (through manipulation 
of forage type), with significant reductions in NH3 emissions from the cattle excreta without negatively impacting 
on milk production. Both dietary strategies had the effect of reducing urinary N excretion by the cattle, which is 
more susceptible to environmental losses, at least in the shorter term, than faecal N.
Dietary manipulation at grazing relies on management of the sward composition. For example, the use of grass 
varieties with a high content of water soluble carbohydrate, so called high sugar grasses (HSG), can reduce N ex-
cretion by almost 20% (urinary N excretion by 29%) in cattle through more efficient utilisation of the feed N in 
the rumen and enhance productivity (Miller et al. 2001, Moorby et al. 2006). In a recent trial, CH4 emissions from 
growing lambs grazing HSG were also shown to be reduced, by an absolute value of 20%, when compared with 
lambs grazing a conventional ryegrass sward, and also showed increased intake values and live weight gain (IBERS 
2010). Inclusion of red clover in the sward, with the protein-binding action of the polyphenol content (Jones et al. 
1995), has been hypothesized to reduce N excretion, as shown empirically by Powell et al. (2009) particularly for 
urine N excretion, although results from a study by van Dorland et al. (2007) were less supportive.
Model scenarios for diet manipulation 
Farm scale modelling enables the impact of dietary (and other) strategies on a number of potential production and 
pollutant outputs to be assessed and, in particular, highlight where trade-offs in impacts may have to be made. 
The farm scale model, SIMSDAIRY (del Prado et al. 2011) was used to assess the impact of two dietary strategies: i) 
growing and feeding HSG (i.e. replacing conventional grass cultivars); and ii) restricting CP intake either through 
the increased use of forage maize produced on-farm or by just reducing N concentration in the concentrates diet 
(depending on intensity of dairy system). Given a user-defined herd structure and type, milk production target and 
diet profile (as proportion of the diet coming from grass silage, maize silage and concentrates) SIMSDAIRY simulates 
through several iterations the metabolic processes and N and C pathways at the animal level (this includes DM 
intake, energy and true protein requirements, rumen CH4 and N excretion in urine and dung), the N and P flows 
and N and CH4 losses at the manure handling level, including the stages from the excretion on a barn floor or open 
lot surface where it remains until it is removed, the storage of manure and the application of manure to the soils 
in the farm. Subsequently, SIMSDAIRY simulates on a monthly time-step the N turnover in soil after application of 
animal manure and slurry (or urine and dung deposited whilst grazing), which in combination with mineral fertil-
izer N management and soil and weather conditions affects both productivity and quality of grass or maize and 
losses of N. Forage area is adjusted according to the total grass and maize required and the productivity of grass 
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and maize per hectare (once silage making and feeding losses are accounted for). Herd typologies were defined 
for a set of locations and intensity of production systems (intensive/fully-housed, medium, extended), with full 
details given in IBERS (2010). New (from associated experimental work in IBERS 2010) and existing (Miller et al. 
2001) experimental information at the animal level were incorporated on the effect of different diets on enteric 
CH4 output, milk production and N excretion. The main changes were carried out to simulate the effect of HSG 
intake on milk yield and voluntary dry matter intake, both of which are enhanced by HSG (Miller et al. 2001). The 
empirical equations relating enteric CH4 production to dry matter intake (del Prado et al. 2011) were modified for 
the forage maize portion of the diet according to empirical evidence from IBERS (2010).
For the HSG scenarios (Fig. 1), overall greenhouse gas emissions were reduced by up to 19% per litre of milk, 
through reductions in both CH4 and N2O. Ammonia emissions per litre of milk were reduced by up to 22%, mainly 
due to the combination of fewer hectares required to produce 1 litre of milk and also due to reductions in excreted 
N (particularly urine N). Reductions in N excretion were also associated with reductions in NOx emissions, because 
of the smaller pool of inorganic N subject to nitrification. Nitrate leaching was not significantly affected. Despite 
the potential beneficial effect of HSG on greenhouse gas emissions, if reseeding is required more frequently than 
for conventional grass varieties (to ensure persistence of effect), then the reduction in emissions described above 
could be offset by an increase in soil N2O emissions, CO2 emissions from fossil fuel use associated with reseeding 
and a decrease in potential soil C storage.
Fig. 1. Change (%) in greenhouse gases (GHG), soil C storage, NH3, NOx and NO3
- leaching for high 
sugar grasses (HSG) and reduced crude protein (CP) mitigation measures compared with baseline 
scenarios. Range reflects the model outputs across the range of locations and intensities of production.
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For lower CP intake scenarios (Fig. 1), overall greenhouse gas emissions were reduced by up to 11% per litre of 
milk. The details of the reduction depended on the intensity of the dairy system. For example, for the intensive-
fully housed system there was no reduction in enteric CH4 as the starch to fibre ratio was not altered in the diet, 
whereas N2O emissions were reduced because of reductions in N excretion, particularly in urine. For medium 
and extensive systems, enteric CH4 was reduced through a higher starch to fibre concentration in the diet (e.g. 
Beauchemin et al. 2008, Cottle et al. 2011), but soil N2O emissions were increased mainly caused by the replace-
ment of grass with forage maize and the changes in manure application rates and timing. The proportion of land 
use change from grassland to maize determined the extent of the potential soil C loss. Results for NH3 and NOx 
emissions very much depended on the intensity of the system, with a balance between reductions in N losses as-
sociated with lower N excretion and increases in N losses through indirect management changes after grassland 
conversion to maize. The main effect on NO3
- leaching losses was the conversion of grassland to maize and the 
associated changes in manure application timing.
Crop nutrient management
The soil nitrogen cycle is complex and potential crop uptake and losses to water and the atmosphere are very de-
pendent on the form, rate and timing of the nitrogen inputs to the soil, soil texture and water status, and subse-
quent environmental conditions. 
For inorganic nitrogen fertilisers, much can be achieved by attention to the type, timing and rate of application, 
ensuring that nitrogen supply matches crop requirements and is not applied in excess. Urea fertiliser, in particular, 
can be associated with large NH3 emissions of up to almost 50% of the applied N (Misselbrook et al. 2004), par-
ticularly if used under hot, dry conditions. Use under cooler conditions, at low application rates will be associated 
with much lower emissions (Misselbrook et al. 2004), and the incidence of rainfall soon after application will also 
reduce emissions, by up to 90%, by ensuring rapid dissolution and transport of the urea into the soil matrix (Sanz-
Cobena et al. 2011). Smith et al. (2012) give some evidence that direct N2O emissions are less from urea fertilis-
er applications than from other fertiliser types, but indirect emissions associated with the greater NH3 emissions 
from urea would have been greater, so on balance there was no overall difference between fertiliser types. Emis-
sions of N2O may increase disproportionately with fertiliser application rate, as shown for fertiliser applications 
to grassland at three sites in England by Cardenas et al. (2010) where the annual emission factor (proportion of 
total fertiliser N applied during the year lost as N2O) was greater for higher cumulative annual application rates. 
The use of forage legumes, such as clover in grass leys, offers the potential to offset applied inorganic N with bio-
logically fixed N. Perceived disadvantages with the use of white clover are year to year variation in sward content 
and persistence (Frame et al. 1986). With greatly increasing fertiliser prices in recent years, there is a growing 
resurgence of interest in forage legumes, and a combination of improved traits through breeding and improved 
management practices may overcome some of these main perceived disadvantages (Parsons et al. 2011). Whilst 
the clover is growing, soil N2O emissions are generally smaller than those from inorganic fertilised soils as N origi-
nating from biological fixation is generally less available for nitrification and subsequent denitrification. Bacteria 
fix the N2 gas from the air into the NH4
+ ion that is largely used by the clover to form protein compounds. Once 
the legume crops are harvested, however, the protein compounds in residues are susceptible to decomposition 
and mineralisation to NH4
+, which can then be nitrified and denitrified, leading to N2O emissions (Snyder et al., 
2009). Nitrate leaching losses have been shown to be lower from grass-clover pastures than from fertilized grass 
(e.g. Hooda et al. 1998, Stopes et al. 2002), although may be similar for equivalent levels of N input (Sprosen et 
al. 1997, Scholefield et al. 2002).
Urease and nitrification inhibitors offer potential to reduce nitrogen emissions from fertiliser applications. Urease 
inhibitors, such as N-(n-butyl) thiophosphoric triamide (NBPT), delay the hydrolysis of urea to ammonium (Gill et 
al. 1999), thus delaying the opportunity for NH3 emissions to occur. Significant reductions (40–70%) in NH3 emis-
sions from urea fertiliser have been demonstrated using NBPT (e.g. Sanz-Cobena et al. 2008, Zaman et al. 2008, 
Chambers and Dampney 2009). 
Nitrification inhibitors block the conversion of ammonium to NO3
- (Amberger 1989), thus the N is retained in the 
soil for longer in the ammonium form, thereby being less susceptible to losses via NO3
- leaching and denitrifica-
tion. A recent meta-analysis of literature research results by Akiyama et al. (2010) suggested a mean reduction in 
N2O emissions of c. 40% through the use of nitrification inhibitors over a range of soil types and climatic condi-
tions.  A significant body of research has been conducted in New Zealand over the past 7−8 years assessing the 
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use of nitrification inhibitors to reduce NO3
- leaching and N2O emissions from pasture systems, assessing reduc-
tions in emissions from urea fertiliser applications and urine returns by grazing livestock through the use of dicy-
andiamide (DCD). Reductions in N2O emission of up to 90% have been reported (de Klein and Eckard 2008), al-
though Clough et al. (2007) proposed a more conservative 50% reduction to be applied to the emission factors 
used within the New Zealand inventory. Pasture yield increases are also reported from some studies, but not con-
sistently (de Klein and Eckard 2008). 
When using nitrification inhibitors with urea fertiliser or urine, there is the potential to reduce N2O emissions and 
NO3
- leaching at the expense of increased NH3 emissions, as the N is being retained in the ammonium form for 
longer. The use of a double inhibitor (urease and nitrification) may prevent such trade-offs, but this has not been 
shown consistently (Zaman and Blennerhassett 2010). 
There are opportunities to mitigate environmental impacts from manure management throughout the manage-
ment continuum of housing, storage and spreading (Sommer and Hutchings 2001, Sommer et al. 2006, Chadwick 
et al. 2011). Opportunities are limited during the cattle housing phase, and depend also on choice of system. In 
general, a slurry-based system is associated with greater NH3 emissions throughout the management continuum 
than a straw-bedded deep litter system (Thorman et al. 2003). For a slurry-based housing system, there may be 
some potential in the rapid removal of excreta from fouled concrete areas to storage and in the use of urease 
inhibitors to reduce NH3 emissions (e.g. Varel et al. 1997, Misselbrook et al. 2006). For straw-bedded deep litter 
systems, NH3 emissions can be reduced through the targeted use of straw bedding to ensure sufficient bedding is 
supplied particularly to key locations which may be associated with higher emissions, such as near water troughs 
or feed areas (Gilhespy et al. 2009). 
Options for reducing gaseous emissions during slurry storage include covering the store, the effectiveness of 
which will depend on the nature of the cover (e.g. Sommer et al. 1993, Blanes-Vidal et al. 2009, van der Zaag 
et al. 2010b) with natural crust formation providing some mitigation (Misselbrook et al. 2005a, Petersen et al. 
2005). Anaerobic digestion of slurries can reduce CH4 emissions if the gas is properly captured and utilised, but 
increased availability of N in the digestate may increase losses of NH3, N2O and NO3
- leaching during subsequent 
storage and application to land if not properly managed. Minimising slurry storage during warmer months will 
reduce CH4 emissions (van der Zaag et al. 2010a) and NH3 emissions (Sommer et al. 2006). Covering and compac-
tion of farmyard manure heaps can decrease gaseous emissions (Chadwick 2005), although may not be widely 
viewed as a practical measure. 
As with inorganic fertilisers, rate and timing of application are important in managing the environmental impact 
of manure applications to land. Smith et al. (2002) showed a very clear relationship between NO3
- leaching, crop 
N uptake and timing of application for slurry applications to freely draining soils in England, with up to 50% of 
applied N being lost via leaching and largest losses from applications in the September to November period. Ap-
plication technique has a large effect on NH3 losses following slurry application, and significant reductions can be 
achieved through using slurry application techniques designed to minimise the emitting surface area and/or en-
courage slurry transfer to the soil matrix. Compared with surface broadcast application, reduction in emission of 
the order of 50−80% can be achieved using shallow injection, 40–60% using trailing shoe (designed for applica-
tions to grassland) and 10−40% using band spreading (more suitable for use in growing crops) (e.g. Misselbrook 
et al. 2002). Emissions may be further reduced by applying slurry beneath a more developed crop canopy, using 
band spreading (to arable crops) or trailing shoe (to grassland) application, where the combined effects of re-
duced air speed and temperature at the ground surface and the direct uptake of emitted NH3 by the crop canopy 
reduce emissions significantly compared to slurry applied to a bare surface (Thorman et al. 2008). Slurry applica-
tion by trailing shoe to grassland can increase the window of opportunity for applications to be made; Laws and 
Pain (2002) and Laws et al. (2002) showed that grazing or silage harvesting could be made sooner after slurry ap-
plication with this technique, compared with surface broadcast application, with no detrimental effects. The ef-
fect of slurry application technique on N2O emissions is less clear, with some reports of increasing emissions (e.g. 
Flessa and Beese 2000, Wulf et al. 2002, Velthof et al. 2003), which might be expected in particular for slurry in-
jection where the anaerobic conditions in the injection slots with high available nitrogen and carbon concentra-
tions would favour denitrification, and other reports of no net increase when compared with surface broadcast 
application (e.g. Sommer et al. 1996, Vallejo et al. 2005). 
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Model scenarios for nutrient management
Nutrient management scenarios, specifically aimed at mitigating greenhouse gas emissions through improvements 
in fertilisation management, were evaluated in a modelling study using SIMSDAIRY (del Prado et al. 2010). The sce-
narios consisted of firstly, optimisation of mineral fertiliser N application rates and timing, and secondly, the use 
of nitrification inhibitors. Mineral fertilizer N use (rate and timing) was optimised using the in-built routine within 
SIMSDAIRY according to one of three criteria: (i) to maximise the efficiency ratio (defined as kg N in herbage per kg 
N loss (Brown et al. 2005); (ii) to maximize annual herbage N production; or (iii) to meet a field-specific target for 
annual herbage N production equal to that of the baseline farm.  Values were averaged for a range of farms dif-
fering in site conditions and nutrient use intensity. 
Tactically matching the plant N requirements to the rate and temporal distribution of mineral N fertiliser through 
SIMSDAIRY´s optimisation led to a reduction in overall N losses. For example, NH3 emissions were reduced by about 
10%, NOx by 97% and NO3
- leaching by 6−14% per litre of milk produced. Denitrification losses were also de-
creased but site conditions greatly influenced the form of N loss (i.e. as N2O or N2). Nitrogen optimisation for the 
drier site with light soils was carried out favouring fertilisation applications at weather conditions that promoted 
smaller N2 losses but large N2O:N2 ratios. As observed in a previous study by del Prado and Scholefield (2008), the 
optimised fertiliser distributions were achieved by lower annual rates of inorganic N fertilisers and higher relative 
rates in early spring. Lowering the total annual fertiliser rate also reduced the indirect pre-farm CO2 emission due 
to fertiliser manufacture.
Use of white clover in grass leys as a substitute for inorganic fertiliser N was one of the main differences between 
a conventional and organic dairy farm in a simulation by del Prado et al. (2011) using SIMSDAIRY. Greenhouse gas 
emissions per litre of milk were lower by 11−25%, although differences in C sequestration, with the organic system 
assumed to be ploughed and reseeded every 5 years to ensure persistence of clover in the sward, were not taken 
into account. Ammonia emissions and concentration of NO3
- in leachate were also lower for the organic system.
Nitrification inhibitors (e.g. DCD) added to both mineral N and manures applied to land reduced most forms of soil 
N losses. Whereas N2O and NO3
- leaching were reduced up to 55 and 40%, respectively, emissions of NOx and NH3 
were not substantially affected. Nitrous oxide, for example, was greatly reduced as a consequence of a simulated 
increase in plant N use efficiency and a reduction in the rate of nitrification (and, therefore, subsequent denitrifi-
cation). Greater reductions in emissions were achieved for drier soil conditions. The mitigation of N2O emissions 
was also greater in light-textured soils than in heavy-textured soils, which reflects, at least indirectly, the more 
effective nitrification inhibition found by experimental evidence in lighter soils with low organic matter content 
(e.g. Sahrawat and Keeney 1985). 
Grazing management
Dairy farms demonstrate a number of different strategies in terms of grazing management, ranging from year 
round grazing (where climate and soil conditions allow) to year round housing for all or part of the herd. Webb 
et al. (2005) discussed the trade-off between grazing strategies in terms of NO3
- leaching losses, expected to be 
greater from grazing livestock from the high N intensity urine patches, and NH3 emissions, expected to be greater 
from housed livestock through the manure management continuum. They concluded that for a conventional UK 
system of approximately 6 months housing, extending the grazing season by one month in each of the spring and 
autumn periods reductions in NH3 emissions would be more than offset by increases in NO3
- leaching in terms 
of total N loss. Recent research has indicated that increasing the housing period can reduce N2O emissions at 
the farm level, both from indirect and direct emissions by about 10% (e.g. de Klein et al. 2006, Luo et al. 2008). 
However, pre-farm CO2 emissions from mineral fertiliser manufacture increased substantially due to a shift to-
wards more forage area needed for grass for conservation and hence more total mineral fertiliser needed. Using 
SIMSDAIRY, del Prado et al. (2010) suggested that reducing grazing during the wetter parts of the season (by c. two 
months) reduced GHG emissions per litre of milk. Increasing the housing period can reduce N2O emissions, espe-
cially through a more uniform return of excreta via managed manure compared with very localized urine returns 
deposited by grazing (Oenema et al. 2006). There is also more potential for improved ration formulation when 
animals are housed and there is greater control over diet (Chadwick et al. 2008a), although there may be nega-
tive impacts on welfare and fertility (Marley et al. 2010, Mee 2012).
Model outputs are very dependent on system conditions (production system, soil and climatic conditions). For 
example del Prado et al. (unpublished data) showed that simulations of UK dairy farms under projections of fu-
ture climate change scenarios resulted in more productive farms for most future time-slices and for most regions 
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of the UK, mainly caused by a longer grass growing season. One proposed potential adaptation measure is to in-
crease the grazing season by this extra growing season time (e.g. one month). The implications on other pollu-
tion N and C losses were not consistent across all regions. For example, for the South West UK region in the 2020s 
time-slice this adaptation measure implied pollution swapping between N emissions to water and to air (Fig. 2). 
There were much larger NO3
- leaching losses than in the un-adapted scenarios and slightly larger N2O emissions 
and enteric CH4 emissions. Methane from manure management would be greatly reduced by requiring smaller 
storage volumes of manures. Overall net greenhouse gas emissions (as kg CO2eq l
-1 milk) were reduced by increas-
ing the grazing season, despite a small increase in enteric CH4 emissions, as were NH3 and NOx emissions. The net 
farm income and the other socio-economic scores all improved. Milk quality, for example, improved because of 
the shift to a larger proportion of fresh grass (grazed) over silage in the forage diet, associated with a better pro-
file of polyunsaturated fatty acids in the milk. Animal welfare scores improved because of implied reduction in 
lameness and on the social structure of the cattle. Feeding cows mainly on fermented herbage (silage) also poses 
increased risks, which are principally generated by undesirable microorganisms (e.g. Listeria), undesirable chemi-
cals (mycotoxins), and excess acidity (Wilkinson 1999).
Genetic potential
Genetic improvement of livestock is a particularly effective technology, producing permanent and cumulative 
changes in performance. Wall et al. (2010) discuss the use of genetic selection tools for breeding schemes with the 
aims of improving productivity and efficiency and, potentially, selecting for inherently low CH4 emitting animals, 
although it is important that this selection is on the basis of multiple traits including feed efficiency, particularly 
for predominantly forage-fed animals, and yield to ensure that gains are realised as reduced emissions per unit 
product. Improvements in fertility would lead to a reduction in the required number of replacement animals, as 
discussed previously. However, it should be noted that dairy cows must breed to lactate and a reduction in total 
livestock numbers can only be achieved with improved fertility in dairy cows if a greater proportion of the dairy-
bred calves can replace beef-cow calves, i.e. through the use of a beef bull.
Improved N use efficiency by grass varieties is an on-going aim of breeding programmes. However, while this may 
result in lower N losses though reduction in fertiliser requirement, an enhanced grass CP content could increase N 
excretion by cattle, thereby leading to increased losses from grazing returns and manure management (del Prado et 
al. 2010). Breeding for increased polyunsaturated fatty acid content, potentially decreasing enteric CH4 emissions 
may be another aim, although Dewhurst et al. (2001) noted that genetic variation in this trait is small compared 
with variation through the growing season. Other plant changes may involve traits in the shoot to root biomass 
Fig. 2. Comparison between simulated results in terms of N, C pollution and other socio-economic 
parameters (e.g. biodiversity, animal welfare, soil quality, economics) between un-adapted and 
adapted (one extra grazing month) dairy farm in the South West UK (2020). Values for the adapted 
scenario <1 indicate an improvement over the baseline scenario.
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ratio or plants with exudates capable of altering the mineralisation rate from decaying biomass remaining after 
harvest or grazing. Both measures have potential trade-offs between N forms lost (del Prado and Scholefield 2008).
Combinations of measures
Del Prado et al. (2010), using SIMSDAIRY, investigated the potential errors incurred if we estimate the effectiveness 
of GHG mitigation measures in combination compared with studies where the effectiveness of each method ap-
plied singly is simply added together. This latter, linear approach obviously ignores many of the potential syner-
gies that may occur when applying different methods affecting soil, plant and/or animal components of the farm 
system. For example, the additive effect on farm level GHG emissions of a dietary measure to reduce N excretion 
by cattle and the use of a nitrification inhibitor to reduce N2O emissions from manure application to land will be 
greater than if the two are used in combination, as the dietary measure will reduce the size of the N pool on which 
the inhibitor is acting.  Assessing measures singly also ignores the fact that some mitigation options may be mutu-
ally exclusive. The extent to which mitigation methods target processes that are interrelated is key to estimating 
the effectiveness of combined mitigation methods. The results from the del Prado et al. (2010) study indicated 
that for the measures considered in the scenario, the overall impact of applying a combination of measures was 
less than the simple addition of the effect of the measures applied singly.
Conclusions 
Dairy production undoubtedly impacts upon the environment, particularly through emissions of NH3 and green-
house gases to the atmosphere and transfers of pollutants to water. Research has improved our knowledge of the 
pollutant transfer processes and enabled the (on-going) development of a range of mitigation measures. How-
ever, it must be accepted that within the complex biological systems involved in dairy production, the complete 
elimination of environmental impacts is impossible. 
Most of the mitigation measures discussed in this paper are associated with systemic improvements in the ef-
ficiency of production in dairy systems, rather than specific technological fixes (although these may also have a 
place). Much can be achieved through attention to livestock health, matching dietary requirements with supply, 
attention to the quantity, timing and method of application of nutrients to forage crops and utilising advances 
made through genetic improvements. The relative impact of many of the mitigation measures is specific to the 
genetic potential, soil, climate and management system of a particular dairy farm and therefore the use of deci-
sion support tools to explore alternative scenarios, and identify site-specific optimum practices are recommended.
Areas where further research and development are required include on-going genetic improvements in livestock 
and plant traits, development of diets or additives which have a consistent and persistent inhibitory effect on CH4 
production in the rumen, assessment of alternative plant species and varieties for inclusion in grazed and ensiled 
forages, cost-effective delivery mechanisms for using urease and nitrification inhibitors, and a more complete ac-
counting for the effects of silage production and management on forage quality in existing farm-scale models.
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